The effects of co-evolution with lytic phage on bacterial virulence-related traits are largely unknown. In this study we investigate the incidence of the mucoid phenotype of the bacterium Pseudomonas fluorescens SBW25 in response to co-evolution with the lytic phage phi2 (/2). The mucoid phenotype of Pseudomonas spp. is due to overproduction of alginate and is a considerable virulence factor contributing to the intractability of infections most notably in cystic fibrosis (CF) lung, but also in pathogenic infections of plants. Our data show that this phenotype can evolve as an adaptive response to phage predation and is favoured under specific abiotic conditions, in particular a homogenous spatial structure and a high rate of nutrient replacement. The mucoid phenotype remains partially sensitive to phage infection, which facilitates 'apparent competition' with phage-sensitive competitors, partially offsetting the costs of alginate production. Although P. fluorescens SBW25 is not a pathogen, several key characteristics typical of Pseudomonas aeruginosa clinical isolates from CF lung were noted, including loss of motility on mucoid conversion and a high rate of spontaneous reversion to the wild-type phenotype. Although the genetic mechanisms of this phenotype remain unknown, they do not include mutations at many of the commonly reported loci implicated in mucoid conversion, including mucA and algU. These data not only further our understanding of the potential role phage have in the ecology and evolution of bacteria virulence in both natural and clinical settings, but also highlight the need to consider both biotic and abiotic variables if bacteriophages are to be used therapeutically.
Introduction
Bacteriophages (phages) are known to have important ecological and evolutionary consequences for bacteria, driving, for example, population dynamics and niche specialization (Rodriguez-Valera et al., 2009) . Unsurprisingly, phages may also have an important role in the evolution of bacterial pathogenicity, most obviously by transferring virulence genes such as toxins or attachment proteins by lysogenic conversion or genetic transduction (Brussow and Desiere, 2001; Boyd and Brussow, 2002; Canchaya et al., 2003) . However, the effects of phage on the ecology and pathogenicity of their bacterial hosts may also be indirect if they select for virulence-related resistance traits in bacteria (Friman et al., 2011) . One such virulence trait is mucoid or alginate production in Pseudomonas spp., which may have a protective role against virulent phage infection (Hammad, 1998; Labrie et al., 2010) .
The mucoid phenotype of Pseudomonas sp. is considered to be a global adaptive stress response to a range of adverse environmental conditions (Terry et al., 1992; Wood et al., 2006) . This phenotype is typically characterized by shiny, raised, opaque, blob-like colonies on agar plates, which is due to overproduction of alginate. This bacterial exopolysaccharide is a considerable virulence factor contributing to the intractability of Pseudomonas aeruginosa infections most notably in the cystic fibrosis (CF) lung (Pedersen, 1992; Ramsey and Wozniak, 2005) , but also pathogenic Pseudomonas spp. infections of plants (Fett and Dunn, 1989; Keith et al., 2003) . The conversion of P. aeruginosa from a non-mucoid (NM) to a mucoid overproducing phenotype is typically associated with poor patient prognosis and mortality (May et al., 1991) , and this phenotypic switch to overproduction of alginate is considered an adaptive response to the lung environment that provides the host cell with a protective capsule that facilitates inter alia salt stress, immune evasion (opsonization and phagocytosis) and diffusion of antibiotics (thus limiting treatment options) (Kharazmi, 1991; Pedersen et al., 1991; Leid et al., 2005) . Given the clinical relevance of the mucoid phenotype and the resurgence of interest in phage as a therapeutic option against bacterial infections (Pirnay et al., 2010; Fernebro, 2011) , understanding the link between phages and the mucoid phenotype is of interest.
A phenotypic link between capsule formation or exopolysaccharide production and resistance to phage adsorption has been shown for a range of bacteria (Ohshima et al., 1988; Labrie et al., 2010) . For example, bacteriophages isolated from mucoid clinical isolates of P. aeruginosa have been shown to convert NM phenotypes to mucoid (Miller and Rubero, 1984) . Another study that started as a phage typing experiment reported similar results: mucoid phenotypes were isolated from the edges of lytic phage plaques and this phenotype was only observed in the presence of phage (Martin, 1973) . However, the adaptive significance of the mucoid phenotype resulting from phage-imposed selection and whether or not this phenotype is genetically determined remain unclear. Furthermore, the incidence of bacteriophage (Podoviridae)-encoded alginate lyases (Glonti et al., 2010) would suggest that alginate may be a common adaptive response to phage predation, which in turn has selected for this phage counter strategy (Labrie et al., 2010) .
To investigate the link between phage-imposed selection and the mucoid phenotype, we used the well-studied Pseudomonas fluorescens SBW25-phi2 system (Buckling and Rainey, 2002a, b) , where both species coexist in both nutrient broth and soil (Gómez and Buckling, 2011) environments as a result of extensive co-evolution of resistance and infectivity traits. Crucially, recent in vitro work has shown a link between the presence of mucoid phenotypes and phages (as is the case for P. aeruginosa and other bacteria; Sapelli and Goebel, 1964; Miller and Rubero, 1984; Buckling and Rainey, 2002a; Fischer et al., 2004; Vogwill et al., 2011) , although these mucoid phenotypes do not seem to persist for long (Buckling and Rainey, 2002a; Brockhurst et al., 2003) . We investigated the evolution and maintenance of the P. fluorescens mucoid phenotype in experimental microcosms resulting from phage-imposed selection under a range of abiotic conditions that can have a major role in the evolution of morphological diversity in this system, that is, spatial heterogeneity (whether tubes are shaken or static (Rainey and Travisano, 1998) ) and rate of nutrient replacement (transfer regime (Buckling et al., 2000) ).
Materials and methods

Study organisms
Pseudomonas phage phi-2 (F2) (GenBank accession number FN594518) is a member of the Podoviridae family of viruses (Paterson et al., 2010) . P. fluorescens SBW25 (GenBank accession number AM181176) is a non-pathogenic, Gram-negative bacterium of the Gammaproteobacteria that was originally isolated from the leaf surface of a sugar beet plant grown at the University Farm, Wytham, Oxford, UK (Rainey and Bailey, 1996) .
Experimental design
Selection experiments were conducted in liquid microcosms (25-ml glass vials containing 6 ml of King's Medium B (KB) liquid growth media). In addition to manipulating the presence/absence of phages, we manipulated two variables that are known to have a key role in the evolutionary dynamics of this system: spatial structure and rate of nutrient replacement. Eight different treatment regimes were set up, with six replicate populations per treatment (see Table 1 ). Co-evolving populations were established by inoculating liquid microcosms with 10 8 clonal ancestral bacteria and 10 5 clonal ancestral phage obtained from a single plaque of phi2 (f2) (Buckling and Rainey, 2002b) . Control populations of evolving bacteria were established by inoculating microcosms with 10 8 clonal ancestral bacteria only. Spatially structured populations with a vertical oxygen gradient were established by incubating microcosms with loosely capped lids in a static incubator at 28 1C (Rainey and Travisano, 1998) . Populations with no spatial structure and no oxygen gradient were established by incubating microcosms with loosely capped lids at 28 1C, shaking at 170 r.p.m. The time spent in prolonged stationary phase (rate of nutrient replacement) was altered by transferring populations from treatments 1 to 4 every 24 h and from treatments 5 to 8 every 48 h. At the appropriate transfer time (either 24 or 48 h), populations were homogenized by vortexing By day 10 all populations of Treatment-1 were positive for the mucoid phenotype, which remained a fixed feature of the population for the duration of the experiment. b Mucoid phenotypes were also detected in a small number of populations for these treatments; however, they were not a fixed feature of the populations over time and were only infrequently encountered at a low number relative to total population cells densities.
and 1% of each population was transferred to a fresh microcosm; this procedure was performed for all treatments for a total of 24 days. At every transfer, a sample of each population was stocked at À86 1C in 20% (v/v) glycerol solution and a sample of phage was isolated by adding 10% chloroform to 900 ml of culture, and centrifuging at 13 000 r.p.m. for 3 min, leaving viable phage in the supernatant.
Measuring densities and colony phenotypes All replicate populations from each treatment group were serially diluted in 1 Â M9 salt solution and plated on KB agar plates in triplicate at regular intervals. Bacterial populations were plated every second day for Treatment-1 (the treatment in which mucoid colonies reached high frequencies) and every 4 to 6 days for all other treatments. The total cell densities (colony-forming units (CFUs ml À1 )) and the numbers of each different phenotype were recorded at each time point.
Co-evolution
We wanted to determine whether co-evolution between bacteria and phage (that is, reciprocal evolution of bacterial resistance and phage infectivity) occurred in the treatment where mucoids dominated (Treatment-1). We determined resistance of bacteria to contemporary phage, and phage from two transfers in the past and two transfers in the future; the difference in infectivity over this transfer period provides a measure of phage evolution (Brockhurst et al., 2003) . Twenty bacteria were randomly selected from each population from Treatment-1, at days 4, 12 and 20, to test for co-evolution. Bacteria were streaked across a perpendicular line of phage and assayed for resistance or sensitivity after overnight incubation at 28 1C as described elsewhere (Brockhurst et al., 2003; Morgan et al., 2005) . The ancestral strain was used as control on all plates.
Bacterial resistance and sensitivity
We used a more sensitive measure than above to assess the resistance of specific bacterial isolates to specific phage populations. In brief, overnight cultures of test bacteria (10% v/v) were added to soft agar (0.3% w/v agar) and this mixture was overlaid on hard agar plates. Ten microlitres of phage (either ancestral or sympatric to the bacteria being assayed) were spotted directly onto the overlay, incubated at 28 1C, and checked after 8 and 24-h incubation.
Growth rate of mucoid phenotypes
We assessed the growth rate of both mucoid and NM colonies (n ¼ 15 for each; five from each of three Treatment-1 replicates) according to standard procedure: assays were set up in triplicate and bacterial isolates were reconditioned from stock by growing overnight. Sixty microlitres of overnight culture were used as starting inocula for each assay; microcosms were sampled at regular intervals, serially diluted and plated on KB agar. Total cell densities and any changes in phenotypes were recorded. The growth rate or generation time of each isolate was calculated according to the formula g ¼ t/n, where g is generation time, t ¼ time and n ¼ logN f ÀlogN 0 /log2, where logN f is final cell density and logN 0 is the starting cell density. For assays with phage, 10 5 particles of sympatric phage were added to the experiment.
Stability of phenotypes
To analyse the reversion rate and phenotypic stability of different phenotypes, single colonies were picked from KB agar plates, serially diluted and re-plated on KB agar. The proportion of each phenotype was recorded for each single colony type.
Competition experiments
Competition experiments were performed according to Lopez-Pascua and Buckling (2008) . Microcosms were inoculated with equal densities of a marked strain of ancestral P. fluorescens SBW25-lacZ (Zhang and Rainey, 2007) and the focal competitor phenotype (previously grown overnight to insure all competitors are in the same physiological state), and grown (competed) overnight at 28 1C. Densities of the marked strain and competing phenotype were calculated at the start and end of the assay by plating onto Luria-Bertani medium supplemented with X-gal. Each assay was performed in triplicate and fitness (W) was taken as the ratio of the estimated Malthusian parameters (m) of each competing type, m ¼ ln(N f /N 0 ), where N 0 is the starting density and N f is the final density (Lenski, 1991) .
Alginate assay
Bacteria were assayed for alginate production according to methods outlined by Mathee et al. (1999) . In brief, bacterial isolates were grown overnight at 28 1C. Cells were removed and supernatants were collected by centrifugation. Alginate was precipitated using an equal volume of 2% (w/v) cetylpridinium chloride followed by centrifugation at 10 000 r.p.m. for 10 min at room temperature. The purified alginate was mixed with a 1 ml solution of borate/sulphuric acid reagent and 30 ml of carbazole reagent was added. The mixture was heated to 55 1C for 30 min and alginate concentration was determined from absorbance measured at 500 nm using a spectrophotometer.
Motility assays
Swimming (flagella-mediated) motility assays (0.3 w/v agar plates) were performed on a range of phenotypes as outlined by Taylor and Buckling (2010) . Plates were assayed after 10-h incubation at 28 1C.
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Fluctuation tests
We used modified fluctuation tests to estimate bacterial mutation rates (Pal et al., 2007) . Six microcosms per population were inoculated with 100-1000 bacterial cells and were allowed to grow for 24 h shaking in a 28 1C incubator. Final cell density was determined by plating dilutions on nonselective solid medium (KB). Number of mutants was estimated by plating 60 ml of each culture on solid selective medium (KB agar plates supplemented with rifampicin (100 g ml À1 ) or streptomycin (50 g ml À1 )). Jones median estimator was used to calculate mutation rate from the average and median frequency of mutant colonies (Rosche and Foster, 2000) .
Genetics of mucoid phenotype DNA was extracted from 20 bacterial isolates representative of Fixed Mucoid (FM, n ¼ 4), Unstable Mucoid (UM, n ¼ 6), Wrinkly Spreader (WS, n ¼ 5) and SMooth (SM, n ¼ 5) phenotypes from Treatment-1 and ancestral SBW25 using the Qiagen DNeasy Blood and Tissue kit (Qiagen Ltd, West Sussex, UK). Based on a comprehensive review of the literature, a candidate gene approach was implemented to identify the most likely sites of mutations involved in conversion to the mucoid phenotype. PCR primers were designed against relevant gene sequences obtained from the database (www.pseudomonas.com) listed in Table 2 . PCR products were cleaned using the QIAquick PCR purification kit and sent for commercial sequencing (Geneservice, Oxford, UK). All sequences were analysed using MEGA (Tamura et al., 2007) .
Statistical analyses
All statistical analysis was conducted using JMP and Minitab. Where possible, non-normal data were transformed or alternatively a non-parametric test equivalent was implemented. Variables contributing to the incidence of the mucoid phenotype were analysed using a nominal logistic model in JMP fitting incidence of mucoid phenotype (Yes/No) throughout the experiment (the four common time points for all treatments) as the response variable, and spatial structure, presence or absence of phage, and transfer time as nominal factors.
Results
Incidence and emergence of the mucoid phenotype in different treatment groups The mucoid phenotype of P. fluorescens evolves under specific conditions as shown by the stable emergence of this phenotype for all replicate populations in only one of the eight different treatment groups. Mucoid bacteria were first identified in a single population of Treatment-1 (phage present, daily transfer, shaken) at day 6 and were present at detectable frequencies in all other replicate populations of this treatment group by day 10. Although the mucoid phenotype was observed in other phage treatment groups, this was only infrequently (at single time-points for only 1 or 2 populations within each phage treatment group, that is, 3, 5 and 7) and most importantly no mucoid bacteria were recovered from any of the treatments without phage (Table 1) . Although co-evolution with lytic phage is the primary contributory factor in selecting for the mucoid phenotype (w 2 ¼ 19.9, Po0.00001), mucoids were more common under one-daily than two-daily transfer regimes (w 2 ¼ 7.67, Po0.01), and under shaken than static conditions (w 2 ¼ 3.97, Po0.05). The numbers of mucoid phenotypes fluctuated through time for each population of Treatment-1 and were predominantly present at a low frequency relative to total population density (Figure 1) . However, once this phenotype emerged, it remained a constant feature of Treatment group-1. Given these results the rest of our study focused on the characterization of mucoid phenotypes isolated from populations of Treatment group-1.
Co-evolution
Consistent with previous work on this system, bacteria and phage showed extensive co-evolution in Treatment-1 (shaken and daily transfers), as demonstrated by greater infectivity of phages to past than future bacteria across the three time points where measurements were taken (Supplementary Figure S1 ; sign test: Po0.0001).
Characteristics of mucoid phenotypes
In vitro instability is a key characteristic of mucoid P. aeruginosa isolates (Pugashetti et al., 1982) . In our study this instability was also observed and two different mucoid phenotypes were initially noted when bacterial populations were plated on KB agar. The Unstable Mucoid (UM) phenotype was characterized by a mucoid centre, with the edges of colonies showing an SM phenotype. When single UM colonies were picked and grown overnight in liquid KB, a variable proportion of colonies had an SM phenotype when plated out on KB agar (these SM colonies were called revertants (REVs)). A second mucoid phenotype, Fixed Mucoid (FM), was observed and was characterized by shiny, raised, mucoid, translucent colonies with no SM edges when plated on KB agar (Supplementary Figures  S2a-c) . This phenotype maintains a stable phenotype when plated after overnight growth in liquid KB (no visible SM edges/or apparent reversion to SM phenotype).
Growth of mucoids in absence of phage
The clear association between the presence of phages and mucoids suggests that the mucoid phenotype confers a cost when phages are absent. Consistent with this view, alginate production is costly as shown by the significant growth rate cost of FM as compared with UM, Non-Mucoid-phage Resistant (NM-R) and Non-Mucoid Sensitive (NM-S) when grown in monoculture in the absence of phage (Kruskal-Wallis; df ¼ 3, P ¼ 0.0196) (Figure 2 ).
Resistance of mucoids to phages
While mucoids showed a fitness cost in the absence of phage, we predicted they would have a fitness advantage relative to other phenotypes in the presence of phage through increased resistance. However, simple binary resistance assays were hard to interpret because FM phenotypes obscured phage plaque formation (turbid plaques). We therefore performed growth rate assays in the presence of their sympatric phages. Both UMs and FMs were sensitive to their sympatric phage populations (100%), as shown by increase in phage density. However, the UM and FM genotypes were more resistant than other genotypes on which phages could grow; cell densities of mucoid phenotypes increased in the presence of phage compared with other NM genotypes, which showed a sharp decrease in cell density in the presence of phages under the same conditions (Figures 3).
Apparent competition
When individual FM and UM colonies were checked for phage by using spot assays, all FM (n ¼ 30, 100%) and some UM (n ¼ 15, 45%) colonies were found to be phage-positive suggesting that viable phages were physically associated with these bacteria. We therefore speculated that an additional advantage of mucoids might be through 'apparent competition': competition mediated by a shared enemy (Holt, 1977) . When the UM, FM, REV and NM phenotypes were competed with a marked ancestral strain, FM phenotypes have a significant advantage in the presence of this sensitive competitor (Kruskal-Wallis; H ¼ 18.03, df ¼ 4, P ¼ 0.001) (Figure 4) . The considerable variability in the fitness of UM is due to whether the UM phenotype is phage-positive or -negative.
Revertants
We next attempted to understand the adaptive significance of reversion of mucoids to SM (REV), as apparent in the UM phenotype. Across all mucoids we found a large variation in the rate of reversion when individual colonies were grown in liquid media, with FM showing no REVs. The proportion of REVs for UM grown in liquid monoculture in the absence of phage is also positively correlated with higher growth rate (Pearson's correlation ¼ 0.864, Po0.0001); in the absence of phage, bacteria readily revert to an SM phenotype, which has a higher growth rate (Figure 5a ). However, the proportion of REVs is negatively correlated with fitness in the presence of phages (Figure 5b, Pearson's correlation ¼ À0.872, Po0.0001); as most REVS are susceptible to phage they are lysed in the presence of sympatric phage populations, thus reducing total population densities. FM phenotypes have an equivalent growth rate in both the presence and absence of sympatric phage populations, and there was no evidence of REVs. Reversion therefore is beneficial in the absence, but costly in the presence, of phages.
Variation in frequency of revertants
We next explored the variation in the frequency of revertants. Further analysis showed that UM colonies could be partitioned into those that were phagepositive and phage-negative: 5 out of 11 single UM Figure 3 Mean phage production (closed squares) and mean bacterial densities (growth) of UM phenotypes over time with (dashed line, open circles) and without phage (black straight line, closed circles) (a). After two hours only FM phenotypes were detected after co-inoculating initially UM phenotypes with sympatric phage populations (all REVs were readily lysed); however phage production continued, showing that although mucoid phenotypes are sensitive to phage they can continue to grow and increase in cell density in their presence. The effect of phage on non-mucoid bacteria cell densities (growth) through time (b). The ancestral SM phenotype of SBW25 was grown both in the absence (straight black line, closed circles) and in the presence (dashed lines, open circles) of three different populations of phage from Treatment 1. Cell densities are greatly reduced in non-mucoid phenotypes in the presence of phage compared with mucoid phenotypes. Figure 4 Interquartile range box plots showing the relative fitness (W) of each phenotype when competed against a marked ancestral strain of SBW25 (SBW-LacZ). Mucoid phenotypes engage in apparent competition which confers a signicant fitness advantage in the presence of phage sensitive bacteria; asterisk (*) indicates a significant difference compared to control. The large variability in fitness for UM phenotypes is attributed to the UM phenotype being phage positive or negative.
Co-evolution with lytic phage selects for mucoid phenotype PD Scanlan and A Buckling colony culture broths tested positive for phages. Typically, phage-negative UM showed high rates of reversion, as would be expected if REVs are susceptible but have a higher growth rate than mucoids. Crucially, REVs derived from phagepositive UM parent strains were resistant to phages from the parent culture supernatant, but were sensitive to some members of the co-occurring phage population (that is, phages isolated from the whole community, rather than phages specifically associated with particular mucoids). These data suggest that, both in the absence of phage and where REVs are resistant to phages, UM revert to the SM phenotype owing to growth rate costs associated with mucoid conversion. By contrast, when UM are exposed for 2 h to sympatric phage populations, only FM phenotypes were observed when cultures were plated on solid agar as previously outlined.
Given that phage-imposed selection results in UM producing only FM phenotypes, we speculated that perhaps FM phenotypes could also produce SM revertants, but that these revertants were never observed because they were susceptible to the phages associated with the FM phenotype. We therefore sought to assess reversion rate when phages were diluted out, and hence could not impose any selection. To this end, single UM or FM colonies were picked directly from agar plates, serially diluted and re-plated on agar. Each single colony type is composed of variable proportions of FM, UM and SM phenotypes (Supplementary Figure  S3) , but there was no significant difference in the number of REV phenotypes per single colonies of UM and FM (Mann-Witney; df ¼ 1, P ¼ 0.6366). This result highlights that there is no difference in the reversion rate between FM and UM, suggesting that colony heterogeneity of the mucoid phenotype is due to the presence or absence of phage, and whether or not REVs are resistant to the phages associated with mucoid bacteria.
Mechanism of reversion
When REV phenotypes derived from UM and FM parent colonies (which have SM colony morphology) are picked from a plate, serially diluted and plated out, only SM phenotypes are observed. Crucially, these results eliminate the possibility of a bidirectional genetic switch (Beaumont et al., 2009) or contingency loci (Moxon et al., 2006) as a mechanism underlying the phenotypic heterogeneity of UM and FM colonies. Another possibility considered was that the high rate of reversion may have been indicative of the evolution of mutator phenotypes, and indeed previous studies have shown that co-evolution with lytic phage can select for higher mutation rates (Pal et al., 2007) . However, no difference in mutation frequencies was evident for the evolved mucoid bacteria and their revertants compared with the ancestral phenotype using fluctuation tests (df ¼ 2, F 2,13 ¼ 0.4375, P ¼ 0.6564). These data suggest that revertants arise from mucoids at high frequency by simple mutations.
Loss of motility on mucoid conversion
The swimming motility of phenotypes FM, UM NM, REV and wild type (ancestral SBW) differed (H ¼ 12.74, df ¼ 4, P ¼ 0.013), with FM having the lowest motility value. The high variability in UM motility can be explained by the proportion of revertants (Supplementary Figure S4) .
Genetic analysis
Conversion to the mucoid phenotype is usually associated with mutations in both the regulatory and biosynthetic operons (Muhammadi and Ahmed, 2007) . Despite an extensive sequencing effort, no mutations in any of the candidate genes were detected (see Table 2 ). As such the genetics underlying these phenotypes is as yet unknown but is independent of mutations that are commonly associated with mucoid conversion, that is, mucA and algU. Figure 5 Growth-rate cost of mucoid phenotype in the absence of phage (a). In the absence of virulent phage mucoid colonies readily revert to SM phenotypes and the proportion of REVs for UM grown in liquid monoculture in the absence of phage is positively correlated with higher growth rate (Pearson's correlation ¼ 0.864, Po0.0001). The relative fitness (W) of UM and FM phenotypes grown in the presence versus absence of sympatric phage (b). Data was taken from early log growth (T0 to T4 hours) and relative fitness (W) was calculated according to Malthusian parameters using cell densities of each phenotype grown in the presence and absence of phage. The strong negative correlation between the proportion of REVs per phenotype and fitness (W) (Pearsons correlation ¼ À0.872, Po0.0001) explains the high variability in relative fitness in the presence of phage, i.e., all REVs are sensitive to sympatric phage populations and are lysed, which reduces total cell densities.
Discussion
Effect of environment and spatial structure on the incidence of mucoid phenotype In this study we have shown that the mucoid phenotype of P. fluorescens SBW25 evolves as an adaptive response during co-evolution with lytic phage. Although mucoids arise under a variety of experimental conditions, they are most favoured under conditions of a homogenous spatial structure and daily transfer. This environment provides a relatively uniform oxygen and nutrient concentration, thus reducing the potential for niche and resource competition that is typically maintained by negative frequency-dependent selection in static microcosms (Rainey and Travisano, 1998; Vogwill et al., 2011) . The level of culture aeration is a key factor in the incidence and stability of the mucoid phenotype of P. aeruginosa, and previous experiments have shown that static growth selects for mucoid to NM conversion (Krieg et al., 1986; Hassett, 1996; Wyckoff et al., 2002) as oxygen is required for biosynthesis of alginate (Bayer et al., 1990; Leitao and Sa-Correia, 1997) . This, together with the cost associated with the concurrent loss of motility on mucoid conversion observed here and elsewhere (Mahenthiralingam et al., 1994; Tart et al., 2005) , will reduce the ability of mucoid phenotypes to compete for oxygen at the air-liquid interface of a microcosm during static incubation (which is typically occupied by the biofilm forming phenotype, WS (Rainey and Travisano, 1998; Koza et al., 2011) . Furthermore, the prolonged time spent in stationary phase for the 48-h treatments, where resource competition is much greater, might increase metabolic costs associated with this particular phenotype. As exopolysaccharide and alginate production is metabolically expensive (Linton, 1991; Rehm, 2009) , and resources are increasingly depleted through time, the resultant competition between genotypes is greater, resulting in a less favourable environment for the mucoid phenotype. The three other phenotypes that are routinely recovered from this experimental system, namely SM, WS and FS, were also recovered here from treatments with and without phage (Rainey and Travisano, 1998; Rainey, 2002a, 2002b) , suggesting that the mucoid phenotype of P. fluorescens is the only phenotype exclusively associated with phage predation in this experimental context and is not a general adaption to other experimental variables.
Mucoid conversion and apparent competition
Despite the direct costs associated with the mucoid phenotype, its selective advantage is most likely its ability to reduce the harmful effects of phage predation and to engage in apparent competition with phage-sensitive phenotypes. Apparent competition results from either partial resistance of mucoid phenotypes, which actively produce virulent phage (or produce phage by lysis of revertants), or the presence of phage embedded in the thick exopolysaccharide matrix, which protects the host but serves as a vehicle for contagion dispersal, or both. Although such apparent competition has been reported in the context of lysogenic phages (Brown et al., 2006; Joo et al., 2006) , we are not aware of any study reporting use of lytic phages as a potential mechanism to mediate competition. Furthermore, a recent study using this system found that increasing dispersal in the presence of phage favoured the mucoid phenotype (Vogwill et al., 2011) , potentially because dispersal allowed the mucoid phenotypes to invade by using their phages on susceptible bacteria in other populations.
Instability of the mucoid phenotype and reversion
It is tempting to speculate that the high rate of reversion to SM is adaptive, that is, a selected trait, as mucoids do well in presence of phage, and revertants do well in the absence of phage. If this behaviour was a genetic switch or a phenotypically plastic trait, this might well be an adaptation, as the same genotype would express both phenotypes. However, the absence of a 'switch' from REVs to mucoids suggests that REVs are simply mutating from mucoids, and hence selection acting on revertants will not increase the frequency of mucoids. Although the rate of spontaneous reversion to SM is very high, it is clear that mucoids are not mutators, so how then is this rate of reversion feasible? It is probable that the high reversion rate to SM may arise by virtue of the number of genes or sequence space involved in alginate regulation and biosynthesis (Ohman and Chakrabarty, 1981; Muhammadi and Ahmed, 2007) , which greatly increases the probability of acquiring reversion or suppressor mutations. As such, it is likely that the mucoid phenotype outlined in this system is an adaptive response to phage predation, but when this selective pressure is removed bacteria readily revert to NM phenotypes that do not incur the costs of alginate production required for protection in the presence of phage.
Clinical relevance of co-evolution with phage and mucoid conversion Extensive research has detailed the possible causes and consequences of conversion to a mucoid phenotype, including high salt concentrations, free radical damage, antibiotic administration and H 2 O 2 . Here we show directly that co-evolution with virulent phage is a key factor in the emergence of this phenotype. Treatment-1 used in this study is analogous to sites in the lung where there is sufficient aeration and high densities of phage, and a review of the literature shows that phages are present in high numbers in sputum (Tejedor et al., 1982; Ojeniyi, 1988; Ojeniyi et al., 1991) and are likely to have a role in the emergence of this phenotype in the CF lung. For example, our results are similar to data from a 1984 study by Miller and Rubero. Clinical isolates of P. aeruginosa were analysed and 21 of the 22 produced virulent phage (between 10 6 and 10 9 plaque-forming units per millilitre) and showed a turbid plaque morphology (also observed in this current study) that they understood to be lysogenic conversion. The authors concluded that bacteriophage must provide some selective advantage to the CF mucoid phenotype, and that phages should be considered as a mechanism for mucoid conversion of clinical isolates. Mucoid phenotypes have also been isolated from the edges of zones of lytic phage plaques and these phenotypes maintained sensitivity to the bacteriophage type strain (Martin, 1973) .
Genetics of mucoid phenotype
Production of alginate is under complex, hierarchical control and as many as 25 genes have been identified in the process (Muhammadi and Ahmed, 2007) . Alginate genes are normally silent but become activated under environmental stress conditions with genotypic switching from NM to mucoid under the transcriptional control of a cluster of genes known as mucA to mucD. mucA acts as a negative regulator of the alternative sigma factor s22 or algT, which is the key transcription factor required not only for alginate biosynthesis, but also many other important cellular pathways, including flagellum biosynthesis (Tart et al., 2005) . Mutations in mucA, and also mucC and mucD, which are negative regulators of alginate production, are concomitant with the constitutive production of alginate with subsequent in vitro conversion to a NM phenotype believed to be due to second site mutations at algU (Ciofu et al., 2008) . We investigated these possibilities for our evolved phenotypes, but no mutations relative to the wild type sequence were identified at any of these loci. An intriguing possibility is the redundancy of several enzymes and substrates that function in both the alginate and lipopolysaccharide (LPS) biosynthetic pathways (May and Chakrabarty, 1994; Ye et al., 1994; Olvera et al., 1999; Tavares et al., 1999) , which are outlined in Table 2 . LPS is the putative receptor-binding site of f2 phage based on a transposon mutagenesis study of the host bacterium P. fluorescens SBW25 and homologies between T7 phage and phi2. We hypothesized that a switch to alginate production may provide resistance to phage, or delay the adsorption and infection process by two nonmutually exclusive ways: (a) downregulation of LPS production and reduction of the number of available receptor sites for phage to bind to, and/or (b) excess production of alginate may provide a protective coating over LPS receptors, thus impeding or preventing phage attachment to cell-surface receptors. To this end we sequenced three genes that are involved in both pathways in addition to a number of other candidate genes, but no mutations were identified.
Given the role of two-component systems in regulating responses to the environment; the role of regulatory proteins and promoter regions that control phenotypic variation; and the structural and regulatory complexity of LPS and alginate pathways, the genetic basis for the FM/UM phenotype is potentially great (May and Chakrabarty, 1994; Rocchetta et al., 1999; Tavares et al., 1999; Muhammadi and Ahmed, 2007; Oglesby et al., 2008; Damron and Yu, 2011) . However, one important result, which the concurrent loss of motility would suggest, is that perhaps some master regulator of these two processes is involved, highlighting the pleiotropic effects of mutations involved in resistance to phage predation.
Conclusions
Up to 80% of all P. aeruginosa isolates from CF patients are mucoid compared with 0.8-2.1% of clinical isolates from the general population (Ohman and Chakrabarty, 1982) . This phenotype provides a competitive advantage in the lung environment against a range of stresses, including resistance to host phagocytosis and antibiotic therapy (May et al., 1991; Høiby et al., 2010) . Whether co-evolution with virulent phage results in the mucoid phenotype as an adaptive response to phage predation, and in doing so indirectly selects for bacterial virulence in a clinical setting, requires further work, but we have shown here that virulent phages are a key factor in the incidence of the mucoid phenotype in a related Pseudomonas species. We have also demonstrated the impact of phages in selecting for hosts that can engage in apparent competition, which will undoubtedly affect ecological and evolutionary dynamics. In conclusion, the results of this study are not just of interest with respect to the ecology and dynamics of host parasite co-evolution, but may have implications for clinical and applied microbiology. Given the prevalence of bacterial antibiotic resistance in clinical settings, there is a renewed interest in the possible use of phage as a viable therapeutic option. Our data emphasize the importance of considering indirect selection for bacterial virulence caused by lytic phage.
